Background and Purpose-Cerebral microbleeds (CMBs) are a marker of small vessel diseases, including hypertensive arteriopathy and cerebral amyloid angiopathy, and may be associated with cognitive impairment. The relationship between CMBs and cognitive function in ischemic cerebrovascular disease remains uncertain. We, therefore, investigated the cognitive impact of CMBs in a cohort of patients with ischemic stroke or transient ischemic attack. Methods-All patients underwent detailed and comprehensive neuropsychological testing and standardized MRI, including fluid attenuation inversion recovery, T1, T2, and gradient-recalled echo T2*-weighted sequences. CMBs, white matter changes, lacunes, and territorial cortical infarcts (defined by standardized criteria) were identified, and associations with cognition assessed. Results-Three hundred twenty patients with a diagnosis of ischemic stroke or transient ischemic attack were included. Of these, 72 (22.5%) had at least 1 CMB. Of all the cognitive domains tested, only executive impairment was more prevalent in patients with CMBs than without (38% versus 25%; P=0.039). In univariate analysis, the presence of strictly lobar (but not deep) CMBs was associated with executive impairment (odds ratio, 2.49; 95% confidence interval, 1. 
C ognitive impairment after stroke is associated with significant functional impact and high risk of dementia, 1 which might be preventable with improved understanding of the underlying mechanisms. Cerebral small vessel disease plays a key role in cognitive dysfunction. 2 Cerebral microbleeds (CMBs), detected on gradient-recalled echo T2*-weighted MRI, are an important marker of small vessel pathology; they correspond to small perivascular hemosiderin deposits related to vessels affected by hypertensive arteriopathy and cerebral amyloid angiopathy (CAA) and are presumed to represent focal areas of previous bleeding. 3 Recent evidence suggests that CMBs are linked to cognitive impairment 4, 5 particularly executive function or processing speed. [6] [7] [8] There is indirect evidence that CMB location reflects the underlying small vessel disease process (strictly lobar CMBs being a marker for CAA; deep CMBs for hypertensive arteriopathy), 9 but the importance of CMB location with regard to cognition remains uncertain.
Some previous studies of CMBs and cognition have been limited by not considering a full spectrum of cerebrovascular lesions 10 or using insensitive cognitive screening instruments. The role of CMBs in ischemic cerebrovascular disease without dementia remains largely unexplored. We, therefore, investigated the association of CMBs with detailed neuropsychological measures of cognition, taking account of other MRI markers of cerebrovascular disease, in a hospital-based ischemic stroke or transient ischemic attack (TIA) population. We hypothesized, based on observations described in our previous preliminary report, 6 that CMBs are independently associated with domain-specific executive
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May 2013 impairment in a larger cohort of patients with ischemic stroke or TIA, and also investigated whether lobar or deep CMBs were most strongly associated with cognitive dysfunction.
Methods

Patients
Patients referred to the stroke service at the National Hospital for Neurology and Neurosurgery, London, UK, and referred for detailed cognitive testing were considered. During the study period, the National Hospital for Neurology and Neurosurgery received all stroke referrals from the surrounding healthcare districts. Neuropsychological testing is performed routinely in all patients with adequate English, unless they are too unwell (eg, reduced conscious level) or have severe cognitive impairment (eg, severe dysphasia or dementia). Inclusion criteria were standardized adequate quality MRI, including gradient-recalled echo T2* T2-weighted and fluid attenuation inversion recovery (FLAIR), and complete neuropsychological data (including at least 1 measure of both executive function and speed and attention processing) within 3 months of the MRI scan. Exclusion criteria included previous traumatic brain injury or intracerebral hemorrhage, or known cause of cognitive impairment other than cerebrovascular disease. All patients had detailed standardized clinical diagnostic assessment, including neurological examination, blood pressure measurement, ECG, and echocardiogram. We ascertained stroke mechanism using the Trial of Org 10172 in Acute Stroke criteria. 11 The study was approved by the National Hospital for Neurology and Neurosurgery and Institute of Neurology joint research ethics committee.
Imaging
All patients had MR imaging according to a standardized protocol on a 1.5 Tesla scanner: Signa Echospeed (General Electric, Milwaukee, WI), including the following sequences: sagittal T1, axial T2-weighted Fast Spin Echo, axial T2*-weighted gradient-recalled echo (time to repetition, 300 ms; times to echo, 40 ms; flip angle, 20; field of view, 24×18; matrix, 256×160); and coronal FLAIR (time to repetition, 9895 ms; inversion time, 2473 ms; times to echo, 140 ms). For all these sequences, slice thickness was 5 mm and slice gap 1.5 mm.
Image analysis for CMBs was conducted by a neurologist trained in neuroimaging (S.M.G.) blinded to clinical details. CMBs were categorized as lobar, deep, or infratentorial using the Microbleed Anatomic Rating Scale, 12 an instrument with good intrarater and interrater reliability for the presence of definite microbleeds in all brain locations using different MRI sequences and observer experience. 12 CMBs in the insula were classified as lobar. White matter changes (WMC) were rated on axial T2-weighted and coronal FLAIR images using a validated scale 13 by S.M.G. and another trained observer (G.S.). Interobserver agreement for WMC showed intraclass correlations between 0.84 and 0.96. Images were assessed for the number of lacunes, defined as cerebrospinal fluid-containing spaces, between 2 and 20 mm diameter, with high signal on T2-weighted or FLAIR images, or with a perilesional halo on FLAIR images.
14 Territorial cortical infarcts were defined as involving the cortical territory of a large cerebral artery (not suggesting a perforating vessel occlusion), with a diameter above 15 mm.
Neuropsychological Data
Neuropsychological assessment (blinded to CMB status) comprised a standardized battery evaluating 7 cognitive domains: current intellectual functioning, verbal and visual memory, naming skills, perceptual functions, speed and attention, and executive functions. Executive functions were examined using ≥2 of the following: Stroop test, 15 Word Fluency, 16 Trail Making Test Part B, 17 Weigl Color Form Sorting Task, 18 and Modified Card Sorting Test. 19 The tests used to evaluate the other cognitive domains are described in detail elsewhere. 6 Derived scores were calculated for each test based on published normative data from a sample of individuals of comparable age. Each patient's performance in each cognitive domain was classified as impaired or unimpaired, according to predefined criteria. 6 
Statistical Analysis
We used the Statistical Package for the Social Sciences version 16 (Chicago, IL) for the analysis. The characteristics of patients with and without CMBs were compared using 2-sided independent t test for normally distributed variables, Fisher exact test for comparison of proportions when the expected number of counts was <5 (otherwise χ 2 test was used), and Mann-Whitney U test for comparison of nonnormally distributed variables. Factors associated with executive impairment were investigated in unadjusted logistic regression analysis. Significant variables were subsequently entered into multivariate binary logistic regression analysis. Significance was declared at P<0.05.
Results
Of 1335 patients considered, 320 patients with a final diagnosis of ischemic stroke or TIA were included (Table 1 ; Figure 1 ). Of the 320 patients, 254 (79%) had an ischemic stroke and 66 (21%) had a TIA. At least 1 CMB was identified in 72 patients (22.5%). The CMB group included a higher proportion of men, a higher prevalence of hypertension, diabetes mellitus, antithrombotic use, previous ischemic stroke or TIA, a greater number of lacunes, and more severe WMC compared with the group without CMBs.
Lobar CMBS were found in 51 patients (71%), deep CMBs in 37 (51%), and infratentorial CMBs in 21 (29%) patients. Lobar CMBs were most common in the temporal (n=31; 61%) followed by parieto-occipital (n=27; 53%) and frontal lobes (n=24; 47%). Thirty patients (42%) had strictly lobar CMBs; 16 (22%) had strictly deep CMBs. Among patients with strictly lobar CMBs, 6 had ≥5 CMBs.
Of the domains tested, only executive impairment was more prevalent in patients with CMBs compared with those without (38% versus 25%; P=0.039). There was no significant difference (P>0.10) between the CMB and non-CMB groups in the proportion impaired in the other cognitive domains (Table 2) . In unadjusted binary logistic regression, executive impairment was associated with the presence of ≥1 strictly lobar CMBs and with ≥5 strictly lobar CMBs (Table 3 ). The number of lacunes and mean WMC severity were not associated with executive impairment. In multivariate analysis adjusted for age, WMC severity, and hypertension, the presence of ≥1 strictly lobar CMB and of ≥5 strictly lobar CMBs remained significantly associated with executive impairment (≥1: OR, 2.34; 95% CI, 
Discussion
In patients with ischemic stroke or TIA, CMBs were associated with impairment in executive functions, but not other cognitive domains. Strictly lobar (but not deep) CMBs were associated with executive impairment, independent of age, hypertension, and the severity of WMC. The presence of at least 1 strictly lobar CMB more than doubled the likelihood of executive impairment, with evidence of a graded increase in the risk of impairment with an increasing number of strictly lobar CMBs.
CMBs have been reported to be common in various populations. However, links between CMBs and cognitive function have been inconsistent, probably because of the great variability in populations, MRI techniques, and cognitive rating instruments used. 4, 5, 7, 8, [20] [21] [22] [23] Nevertheless, consistent with our findings, a large recent study in community-based elderly subjects showed that CMBs were independently associated with lower scores in processing speed and executive functions. 20 Another study in a large European population-based cohort 22 reported robust associations between strictly lobar CMBs and cognitive function (information processing speed and motor speed), but only weak associations for deep or infratentorial CMBs.
The association between CMBs and cognitive function in stroke cohorts 24 is largely unknown. In a small case-control study of 55 patients referred to a neurovascular clinic, we found that executive impairment was twice as common in patients with CMBs as in matched microbleed-free controls, independent of WMC. 6 These effects were hypothesized to be mediated by CMBs in frontal and basal ganglia regions. In the current study, executive dysfunction was associated only with strictly lobar CMBs, with no significant association with deep or infratentorial CMBs. The different findings in the present study may be explained by the inclusion of only outpatients with less severe cerebrovascular disease and mainly deep CMBs in the previous report. 6 A study in patients with neuroimaging evidence of small vessel disease reported that frontal and temporal lobe CMBs were related to global cognitive function, psychomotor speed, and attention. 
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Finally, a hospital-based study of 411 patients with ischemic stroke, hemorrhagic stroke, and nonstroke 25 found that dementia was associated with CMBs in the ischemic stroke subgroup, but the study did not report adjusted analyses nor the criteria used to define dementia.
Our study provides evidence for a link between a process associated with strictly lobar CMBs and executive function in ischemic cerebrovascular disease. Strictly lobar CMBs are a putative marker for CAA, 26 making this a possible risk factor for cognitive impairment, even in patients in whom CAA was clinically not suspected. Our finding of frequent CMBs in the temporal and parieto-occipital regions is in keeping with the anatomic predilection of CAA. 21, 26 CAA, although most often clinically recognized as a cause of lobar intracerebral hemorrhage in the elderly, is also associated with dementia. 27 CAA pathology is more prevalent at autopsy in the brains of individuals who were previously demented than those who were not demented. 28 The severity of CAA may also increase the risk of future cognitive decline; in a prospective cohort study of patients with lobar intracerebral hemorrhage, the risk of cognitive impairment at 2 years increased with increasing baseline CMB burden (hazard ratio, 1.9; 95% CI, 1.2-2.8, for each increase in CMB category). 29 Community-based pathological studies, including the Honolulu-Asia Aging Study and MRC Cognitive Function and Aging Study, found CAA to be associated with cognition even after controlling for age and neurodegenerative pathology. 28, 30 The Religious Orders Study showed that moderate-to-severe CAA was linked to impairment in specific cognitive domains, particularly perceptual speed, assessed with the Symbol Digit Modalities Tests and Number Comparison tests 31 ; however, we found no association between CMBs and speed and attention functions, also assessed by the Symbol Digit Modalities test. Possible explanations include the following: first, our patients all attended hospital with ischemic stroke or TIA, whereas the Religious Orders Study included community-based subjects, in whom only 36% had cerebral infarction at autopsy; and second, the Religious Orders Study found associations with moderate-to-severe CAA pathology, whereas our patients with strictly lobar CMBs probably have less severe CAA pathology. Indeed, without pathological data, we do not know the true prevalence or severity of definite CAA pathology. Nevertheless, we suggest that our data add to emerging evidence that CAA has an independent association with cognitive function in a range of populations.
It is unclear whether CMBs are a direct cause of cognitive impairment or are a general marker for the severity of microangiopathic disease 23 ; our finding that CMBs in the parieto-occipital lobes and insula were associated with executive impairment most favors an indirect link. Mechanisms by which lobar CMBs (reflecting CAA) could be linked with cognitive impairment include vascular β-amyloid damaging the neurovascular unit, 32 hypoperfusion from small vessel stenosis, or even small areas of microinfarction. 33 Some CMBs may have a direct effect on surrounding or connected brain regions, a notion supported by tissue necrosis seen in histopathologic studies. 3, 34 Precise mapping of CMBs throughout the brain, with assessment of damage to surrounding tissues and the whole brain using quantitative MRI techniques (eg, diffusion tensor imaging) may be a helpful future approach. 21 The pattern of CMBs we observed (prevalent in the temporal, parieto-occipital, and frontal lobes) has previously been associated with cognitive dysfunction in different populations. 8, 35 A recent study of non-demented elderly subjects also noted that frontal and temporal CMBs were associated with poor cognitive performance, 21 although this cohort was restricted to patients with small vessel disease, with a much lower prevalence of cortical infarcts than ours.
Strengths of our study include the standardized, detailed neuropsychological battery; the standardized MRI protocol tailored to the detection of cerebrovascular disease; and the use of validated rating scales by trained raters blinded to clinical details. We considered a range of cerebrovascular lesions (lacunes, WMC, and cortical infarcts) and adjusted analyses for potential confounding factors. Despite these factors, we cannot exclude an effect of other unmeasured confounders (eg, cerebral volume loss). There may have been selection bias because of our inclusion criteria: patients with very severe stroke who died soon afterward will not have had MRI or neuropsychology and patients with severe dementia are unlikely to have been referred to our outpatient service. However, the routine use of neuropsychology means that our results are likely to be generalizable to other stroke service cohorts of stroke survivors able to undergo neuropsychological testing. The use of a routine clinical MRI without optimized sequence parameters or advanced postprocessing may have underestimated the prevalence of CMBs, although such technical factors do not seem to markedly affect the relationship between CMBs and cognition. 21, 36 Nevertheless, it remains possible that highly optimized sequences (eg, high field strength) could affect the relationship between CMBs and cognition. 37 Finally, we were not able to definitely confirm that strictly lobar CMBs were correlated with histopathologic or in vivo amyloid imaging evidence of CAA.
Conclusions
Strictly lobar CMBs are an independent risk factor for executive impairment in patients with ischemic cerebrovascular disease. Our findings support the hypothesis that a microangiopathy related to strictly lobar microbleeds (eg, CAA) contributes to cognitive impairment in this population. With increasing knowledge of the pathophysiology and clinicalradiological spectrum of CAA, 27 our findings may have implications for the diagnosis, treatment, and prevention of cognitive impairment in stroke populations. 
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